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ABSTRACT 
In an effort to improve warm season quantitative precipitation forecasts, this study evaluates the 
frontogenetic regions associated with nocturnal mesoscale convective systems. Comparisons of 
these regions were made to multi-radar/multi-sensor (MRMS) quantitative precipitation estimates 
to calculate the distance of the frontogenetic maximum to the precipitation maximum. These 
comparisons were made for nineteen cases during the months of June, July, and August in 2015 
and 2016. Frontogenesis for each case was evaluated at every 50 mb of the atmosphere, beginning 
at 900 mb and ending at 600 mb, with the ultimate goal of determining which level of the 
atmosphere could be used to best predict the location of the precipitation maximum. An average 
location was also recorded as the mean of the latitudes/longitudes of the seven levels of interest. 
Additionally, three different times were evaluated (0300 UTC, 0600 UTC, and 0900 UTC) to 
determine if time of night had any influence on the results. Overall, it was concluded that the 900 
mb level and the average level were the best overall predictors of maximum rainfall, with 
precipitation falling approximately 150 km from the frontogenetic region on the warm side.  
However, t-tests indicated that the difference between the distances measured at each level were 
not statistically significant at all levels given an alpha value of .05, and thus no level could be 
technically classified as the best level. Furthermore, there did not appear to be any influence of 
time of night on the location of the maximum. Due to the small sample size and the large amount 
of variability among the cases, all results should be regarded with caution. Further analysis is 
necessary to understand the characteristics, shape, and location of frontogenesis which ultimately 
resulted in this variability. 
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1. INTRODUCTION 
Predicting warm season rainfall events has 
proven to be an enduring problem for 
forecasters over the last several decades. 
Often termed “The Achilles’ heel of weather 
prediction,” warm season (April – 
September) quantitative precipitation 
forecasts (QPF) have continued to perform 
poorly relative to their cooler counterparts in 
spite of continual improvements in overall 
QPF (Fritsch and Carbone 2004).  
There are significant risks to life, property, 
and the economy as a consequence of the 
uncertainty surrounding warm season 
precipitation. One of the deadliest weather-
related hazards, flash flooding, results in 
5,000 deaths annually worldwide (AMS 
2017), often due in part to low warning times 
resulting from a lack of predictability.  
Furthermore, several important industries 
rely heavily on accurate short-range 
forecasts, including the agriculture, oil, and 
insurance industries. For these industries, 
improved QPF could lead to significant 
economic benefits, resulting in millions of 
dollars in savings each year from risk 
mitigation (Williamson et al. 2002). In 
consideration of the high societal impacts of 
accurate forecasting, it is imperative that 
improved forecasting be at the forefront of 
current research efforts.  
Though a framework for improving warm 
season QPF was established by the United 
States Weather Research Program (USWRP) 
in 2004 after an evaluation of Weather 
Prediction Center (WPC) threat scores 
(Fritsch and Carbone 2004), there continues 
to be a threat score minimum in the warm 
season where precipitation impacts tend to be 
higher (Fig 1). Threat scores, or the Critical 
Success Index (CSI), can be defined as a 
combined measure of the False Alarm Ratio 
(FAR) and the Probability of Detection 
(POD), with a threat score of 1 indicating that 
the forecasted event perfectly matched the 
observed event (Jolliffe and Stephenson 
2003).  
2. BACKGROUND  
Warm season precipitation events are often 
categorized as mesoscale convective systems 
(MCSs). Defined as any organized cluster of 
two or more cumulonimbus clouds with a 
minimum length of approximately 100 km 
and a time scale of  >1 hour in duration 
(Trapp 2013), MCSs account for up to 70% 
of warm season precipitation with higher 
FIG. 1: Monthly threat scores produced 
by the Weather Prediction Center 
(WPC) for July 2016 – July 2017. The 
red line corresponds to the threat scores 
for each month for the Day 1 forecast. 
The green line corresponds to the threat 
scores for the Day 2 forecast. The blue 
line corresponds to the threat scores for 
the day three forecast. All threat scores 
are based on precipitation events in 
which ≥1.00 of precipitation fell. Image 
was generated by the WPC.  
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amounts for the months of June – August 
(Fritsch et al. 1986). Typically associated 
with deep, moist convection, these systems 
tend to produce high rainfall rates, thereby 
increasing the potential for dangerous flash 
flooding (Doswell et al. 1996). 
 The majority of MCSs are classified as 
elevated convection, or saturated air parcels 
which originate from a point above the 
planetary boundary layer (PBL) (Corfidi et 
al. 2008). These systems often initialize as 
convection off of the Rocky Mountains 
before propagating eastward into the evening 
hours and developing into MCSs. For the 
central Great Plains region, there is a 
nocturnal maximum in the frequency of these 
convective thunderstorms during the warm 
season (Heideman and Fritsch 1988). 
Nocturnal MCSs are notoriously more 
difficult to predict, as the crucial ingredients 
which contribute to their development are 
still largely unknown. Unlike daytime 
thunderstorms which originate from surface 
boundaries where air collides, a feature 
which can be seen easily in our dense 
network of surface stations, nocturnal 
thunderstorms have no evident trigger of 
initiation, thereby reducing their overall 
predictability.  In 2015, Geerts et al. (2017) 
attempted to eradicate this lack of 
understanding by collecting data from 
nocturnal MCSs over the central Great Plains 
region between June 1, 2015 – July 15, 2015, 
formally known as the Plains Elevated 
Convection at Night Field Project (PECAN).  
Given the recency of this experiment, 
research still must be done to analyze the data 
produced from this field campaign. However, 
preliminary results have been inconclusive 
and the processes behind MCSs remain 
elusive.  
Several studies have attempted to improve 
predictability of MCSs by means of 
improving horizontal resolution of 
meteorological models. However, Fritsch 
and Carbone (2004) noted that warm-season 
precipitation is particularly difficult to 
forecast due to the challenges of deep, moist 
convection which often must be 
parameterized. Though a finer horizontal 
resolution does result in higher overall threat 
scores (Black 1994), there is still not a model 
which is able to adequately resolve the small-
scale processes which contribute largely to 
the precipitation being produced (Gallus 
2002). Furthermore, there is some evidence 
to suggest that further improvements in grid 
spacing may prove to be futile, as threat 
scores appear to be leveling off as horizontal 
resolution improves.  Therefore, additional 
steps must be taken beyond model 
improvements in order to effectively reduce 
forecast error and increase warm-season 
threat scores.  
One potential method that has not been well-
researched involves the application of 
frontogenesis and the deformation zone to 
MCSs, both of which are known to favor 
upward motion. Frontogenesis may be 
defined as a positive change in the horizontal 
thermal gradient over a period of time for any 
layer or level in the atmosphere (Petterssen 
1936): 
𝐹 =  
𝑑
𝑑𝑡
|∇𝑝𝜃|                     (1)  
Frontogenesis is produced by regions of 
horizontal deformation, where a deformation 
zone can be defined as an area of stretching 
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produced by converging airstreams, thereby 
producing an axis of contraction and an axis 
of dilation (Fig. 2A, B).  When the isotherms 
run parallel to the axis of dilation, the thermal 
gradient tightens due to the converging 
winds, resulting in frontogenesis (Funk 
2004). When this deformation occurs within 
the 850 – 500 mb layer during the winter 
months, it is well-known that mesoscale 
banding may occur at the surface, producing 
up to 5”/hr. of snowfall in some cases. 
(Banacos 2003).  
Though there have been several studies 
which have correlated mid-level 
frontogenesis with cold-season mesoscale 
banding, there is currently a lack of research 
which supports the same conclusions for 
warm season convective events. Given the 
far-reaching impacts of nocturnal MCSs, 
there is an evident demand for further 
research which would resolve this lack of 
understanding.  
 This research study evaluates frontogenesis 
at multiple levels in the atmosphere to 
determine if there is a single level which best 
predicts the region of maximum rainfall for 
nocturnal elevated convective events 
occurring in the Corn Belt region during the 
warm season.  Additionally, analysis will be 
done to conclude if time of night has any 
influence on the correlations in question. We 
currently hypothesize that the 700 mb level 
will be the most accurate predictor of the 
region of maximum rainfall and that time of 
night will have some influence.  
  
 
 
FIG. 2A, B: A thermal gradient for a 
deformation zone at time t=0 and a 
thermal gradient for a deformation zone 
at a later time. Isotherms are represented 
by the red dashed lines.  Winds are 
represented by white streamlines.  In this 
example, the flow is acting 
frontogenetically, as the winds are 
blowing perpendicular to the thermal 
gradient and converging along the axis of 
dilation. Over time, frontogenesis is 
strengthened as the isotherms tighten. 
Adapted from Funk (2004).  
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3. DATA AND METHODS 
a) Case Selection 
A preliminary set of dates were selected from 
the University Center for Atmospheric 
Research (UCAR) Image Archive for 2015 – 
2016 to identify potential nocturnal MCSs 
which occurred in the Corn Belt region (Fig. 
3).  Only those cases which occurred during 
the months of June, July, and August were 
taken into consideration in order to be 
classified as warm-season precipitation. For 
each case, nocturnal was defined as any 
system which occurred during the hours of 
0000 UTC – 1200 UTC. For any day in this 
period in which nocturnal convection was 
present within the domain, the date was 
recorded.  
To further refine the dataset, several 
parameters were established in order to focus 
on those systems with the greatest impacts. 
For the purposes of this study, each system 
had to be large (>150 km in synoptic length), 
long-lived (>5 hours in duration), and strong 
(>30 dBZ in reflectivity). Furthermore, 
preference was given to those cases which 
maintained these characteristics for the 
period between 0300 UTC and 0900 UTC.  
These refinements produced nineteen 
nocturnal MCS cases.  
 
b)  Analysis of Frontogenetic Regions 
In order to represent the atmosphere as 
accurately as possible, the zero-hour forecast 
(F00) for the Rapid Update Cycle (RUC) 
FIG. 3: The domain for this study, the Corn Belt region, indicated by the shaded states. The domain 
encompasses the region which has a nocturnal maximum in the frequency of MCSs during the warm 
season (Heideman and Fritsch 1988).   
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model was used for this analysis, where we 
assume that the model predictions for F00 
can be used as a proxy for the observed 
atmospheric conditions at that time.  For 
every 50 mb of the atmosphere, beginning at 
900 mb and ending at 600 mb (900 mb, 850 
mb, 800 mb, 750 mb, 700 mb, 650 mb, and 
600 mb), the region of maximum 
frontogenesis was evaluated and recorded as 
a latitude/longitude value. Additionally, an 
average location was calculated based on the 
mean of the latitudes/longitudes of the seven 
levels of interest. Since very small-scale 
processes can locally enhance frontogenesis, 
the actual maximum of the frontogenetic 
region was not used. In order to identify a 
broader region of organized frontogenesis, 
any contours which were more than half of 
the maximum value were removed. The 
centroid of the remaining contours was then 
approximated as the maximum (Fig 4).    This 
process was repeated for the 0300 UTC, 0600 
UTC, and 0900 UTC model runs for all 
nineteen cases. No frontogenetic maxima 
were recorded for cases in which the 
maximum values did not exceed 2. For a full 
list of the maxima and their locations, see the 
appendix at the end of the study. 
It should be noted that during several of the 
model runs, multiple frontogenetic maxima 
could be identified. In general, the region that 
seemed to be closest to the convection was 
used for analysis, as there were often areas of 
strong frontogenesis that seemed to be 
unrelated to the MCS of interest.  
 
 
 
c) Analysis of MRMS QPE 
Multi-Radar/Multi-Sensor (MRMS) 
quantitative precipitation estimates (QPE) 
produced by the National Center for 
Environmental Prediction (NCEP) were used 
for comparisons to regions of frontogenesis. 
3-hr MRMS data measurements were 
collected and plotted over the domain for 
0300 UTC – 0600 UTC, 0600 UTC – 0900 
UTC, and 0900 UTC – 1200 UTC. Since 
MRMS data integrates data streams from 
multiple sources – such as radar, models, and 
rain gauges – in order to depict current 
atmospheric conditions, 3-hr estimates were 
used as opposed to 1-hr in order to eliminate 
FIG. 4: An example of the technique for 
determining the frontogenetic maximum. 
The red circles are lines of constant 
frontogenesis.  In this example, there are 
two frontogenetic maxima with a value of 
8. Based on our technique, any contours 
which were more than half of this value 
would be eliminated. The centroid of the 
remaining contours would be used as the 
frontogenetic maximum. This maximum 
is indicated by the black X.  
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storm scale biases, thereby providing a 
mesoscale estimate of the amount of rainfall 
produced by the system. For each time 
period, the region of maximum rainfall was 
evaluated and recorded. Similar to the 
analysis of frontogenesis, any precipitation 
values which were more than half of the 
maximum value were removed in order to 
eliminate the effects of small-scale processes. 
Some interpolation of the QPE was necessary 
in order to find a singular maximum which 
was representative of the entire system. For a 
full list of the maxima and their locations, see 
the appendix at the end of the study. 
 
d) Comparisons of MRMS QPE and 
Frontogenesis 
After recording the approximate locations of 
frontogenetic and QPE maxima for the 
nocturnal MCSs as a latitude/longitude value, 
the distance between the maxima was 
measured and recorded. In order to maintain 
consistency between distance measurements, 
a natural coordinate system was established. 
When rainfall maxima occurred on the warm 
side of the frontogenetic maximum, distance 
was positive. When rainfall maxima occurred 
on the cold side of the frontogenetic 
maximum, the distance was negative (Fig. 5). 
Cases in which the precipitation maximum 
occurred along the axis of dilation were 
italicized. This evaluation was repeated for 
each hour and each level of interest.  
In order to analyze the data, the mean, 
standard deviation, and variance of distance 
were calculated for each level of interest for 
all nineteen cases. A preliminary assessment 
of this data was made to determine which 
level could be classified as the “best” level, 
where best can be defined the as the level 
where the frontogenetic maximum was 
consistently closest to the precipitation 
maximum. Therefore, the mean and standard 
deviation were both taken into consideration. 
Following the preliminary assessment, two-
sample t-tests assuming unequal variances 
were performed on the data to determine if 
the mean value of the distance for one level 
had a statistically significant difference with 
the mean value of the distance at some other 
level. For cases in which the significance 
FIG. 5: A frontogenetic maximum. The 
red circles are lines of constant 
frontogenesis. The X indicates the 
maximum of the frontogenetic region. 
The black dashed lines, which run 
parallel to the major axis of the 
frontogenetic region, are isotherms, lines 
of constant temperature, with colder 
temperatures to the left. An arrow, which 
points into the warm air from the 
maximum, indicates the direction which 
is positive for measurements of distance. 
All distance measurements were taken 
from the centroid of the zone of 
frontogenesis. 
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level was less than or equal to .05, the null 
hypothesis was rejected in favor of the 
alternative hypothesis, where the null 
hypothesis assumed no difference between 
the mean of the distances. This testing was 
repeated until each level of interest was 
compared.  
 
e) Influence of Time of Night 
Similar to the testing done in comparing the 
frontogenetic maxima with the QPE maxima, 
two-sample t-tests assuming unequal 
variances were performed to conclude if time 
of night had any influence on the mean 
distance recorded at each level. Comparisons 
were made between 0300 UTC and 0600 
UTC, 0300 UTC and 0900 UTC, and 0600 
UTC and 0900 UTC at each level of interest 
to determine if the difference between the 
mean distance at each time was statistically 
significant. For cases in which the 
significance level was less than or equal to 
.05, the null hypothesis was rejected in favor 
of the alternative hypothesis, where the null 
hypothesis assumed no difference between 
the mean of the distances.  
 
4. RESULTS 
a) Comparisons of Frontogenetic Maxima 
and MRMS QPE Maxima 
All nineteen cases were analyzed to 
determine the location of the frontogenetic 
maximum relative to the MRMS QPE 
maximum. This distance was averaged over 
all time periods for each level of interest 
(Table 1). Additionally, the standard 
deviation and variance were calculated. Of all 
TABLE 1: A table of the mean, standard deviation and variance of the distance between the frontogenetic 
maximum and the MRMS QPE maximum calculated at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 
mb, 600 mb, and the averaged level. All calculations were done without regard to time of night.  
Level  Mean (km) Standard Deviation 
(km) 
Variance 
900 148.29 92.19048 8332.436 
850 183.59 116.3042 13232.6 
800 197.48 117.228 13443.65 
750 186.14 123.2797 14916.43 
700 175.15 112.346 12387.89 
650 184.64 141.1199 19531.84 
600 167.55 104.4586 10705.72 
Average 149.40 87.30428 7488.317 
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eight levels (including the “average” level), 
the 900 mb level had the lowest mean, with 
the maximum precipitation typically 
occurring 148.29 km from the frontogenetic 
maximum.  This value was closely followed 
by the mean distance of the average level, 
where the maximum precipitation typically 
occurred 149.40 km from the frontogenetic 
maximum. Though the mean distance of the 
900 mb level was lower than the mean 
distance of the average level, the average 
level had a smaller standard deviation (± 
87.30428 km) in comparison with the 900 mb 
level (± 92.19048 km), indicating less 
variability among the results. Therefore, the 
average level would likely be considered the 
better level, though this is subject to 
interpretation. 
Though the mean distance of the 900 mb 
level and the average level both appeared to 
be much lower than the mean distance of the 
other tested levels, t-testing was performed to 
determine if this distance was statistically 
significant enough to make a claim that any 
one level performed better than another. The 
p-values from this evaluation were recorded 
(Table 2).  The results of the t-tests showed 
that the 900 mb level was significantly 
different from the 800 mb level at the 95% 
confidence level and was significantly 
different from the 850, 800, and 750 mb 
levels at the 90% confidence level. Similarly, 
the average level was significantly different 
from the 800 mb level at the 95% confidence 
level and was significantly different from the 
850, 800, and 750 mb levels at the 90% 
confidence level. However, since there was 
not a statistically significant difference for 
either 900 mb or the average level in 
comparison with all other levels of interest, 
we cannot conclude that any single level is 
better than another. Therefore, for the 
majority of the cases, we reject the alternative 
  850 800 750 700 650 600 Average 
900 0.10366 0.02511* 0.07688 0.18253 0.12462 0.3207 0.94909 
850 
 
0.56997 0.91579 0.71394 0.96805 0.47488 0.10209 
800 
  
0.63886 0.33569 0.62407 0.18613 0.02332* 
750 
   
0.62926 0.95377 0.40176 0.07455 
700 
    
0.70314 0.71784 0.18224 
650 
     
0.48305 0.12483 
600 
      
0.32696 
 
TABLE 2: A table of the p-values calculated from comparisons of the mean distance between the 
frontogenetic maximum and the MRMS QPE maximum at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 
mb, 600 mb, and the averaged level. Values in italics were considered significant at a 90% confidence level. 
Values with an asterisk were considered significant at a 95% confidence level. 
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hypothesis in favor of the null hypothesis and 
conclude that no single level can be 
determined as the best approximation of the 
area of maximum precipitation given a 
frontogenetic maximum at that level.  
 
b) Influence of Time of Night 
 To assess the impact of time of night on 
measurements of distance, calculations of 
mean, standard deviation, and variance were 
performed for each level of interest at each 
time period (i.e. 900 at 0300 UTC, 900 at 
0600 UTC, 900 at 0900 UTC, etc.) (Table 3). 
Additionally, box and whisker plots, which 
are included in the appendix at the end of the 
study, were created for each level to visually 
represent the spread of the distribution, where 
a smaller box is indicative of a smaller 
interquartile range (IQR) and thus a smaller 
spread of values. For example, at 900 mb, 
while all time periods had a similar mean 
value (approximately 150 km), the IQR at 
0300 UTC appears to be significantly smaller 
than that of 0600 UTC or 0900 UTC (Figure 
6). This is indicative of a smaller spread of 
data and thus less variability. Though 0300 
UTC does not have the smallest mean among 
the three times, the small IQR would be better 
from a forecasting standpoint. However, a 
visual analysis is not enough to conclude if 
time of night is having an influence on these 
values. As a supplement to the visual analysis 
done with the box and whisker plots, two- 
sample t-tests were used to determine if there 
were statistically significant differences 
between the mean distances measured at 
0300 UTC and 0600 UTC, 0300 UTC and  
0900 UTC, and 0600 UTC and 0900 UTC for 
each level of interest (Table 4). The results of 
the t-test showed that, in general, the p-values  
 
Mean Standard Deviation Variance 
Level 0300 
UTC 
0600 
UTC 
0900 
UTC 
0300 
UTC 
0600 
UTC 
0900 
UTC 
0300 
UTC 
0600 
UTC 
0900 
UTC 
900 158.733 161.283 132.374 80.5886 101.225 95.2862 6494.53 10246.6 9079.47 
850 160.261 221.822 166.147 98.8602 140.62 99.6956 9773.34 19773.9 9939.21 
800 174.639 225.613 189.320 83.6758 157.555 94.5147 7001.65 24823.8 8933.04 
750 178.410 181.270 197.808 103.435 155.697 113.45 10698.8 24241.6 12870.9 
700 181.154 156.689 186.753 98.5044 134.446 86.5875 9703.11 18075.9 7497.40 
650 193.627 171.050 191.062 153.602 144.435 129.138 23593.6 20861.4 16676.7 
600 188.325 136.006 178.364 146.950 42.4542 89.4725 21594.5 1802.36 8005.33 
 
TABLE 3: A table of the mean, standard deviation and variance of the distance between the frontogenetic 
maximum and the MRMS QPE maximum calculated at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, 
and 600 mb at 0300 UTC, 0600 UTC, and 0900 UTC.  
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  900 850 800 750 700 650 600 
0300 UTC 
vs.  
0600 UTC 
0.936974 0.16792 0.27203 0.949715 0.538 0.648342 0.151683 
0300 UTC 
vs. 
0900 UTC 
0.390534 0.872178 0.655273 0.589932 0.855685 0.958764 0.807197 
0600 UTC 
vs.  
0900 UTC 
0.405394 0.212208 0.43688 0.721015 0.42803 0.673257 0.098564 
 
TABLE 4: A table of the p-values calculated from comparisons of the mean distance between the 
frontogenetic maximum and the MRMS QPE maximum at 0300 UTC, 0600 UTC, and 0900 UTC at 900 
mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, and 600 mb. Values in italics were considered significant 
at a 90% confidence level. Values with an asterisk were considered significant at a 95% confidence level. 
 
FIG. 6: Box and whisker plots for the distance of the frontogenetic maxima from the precipitation 
maxima at 900 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) respectively. The 
“x” represents the mean value and the line represents the median value. The boxed area spans the 
interquartile range (IQR), where the top of the box is the upper quartile and the bottom of the box is 
the lower quartile. The whiskers on each box extend to the maximum and minimum value of the 
series. Due to an outlier in the 0300 UTC data, the top whisker only extends to 1.5*IQR. 
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were much greater than the significance level 
of .05. The only level which displayed any 
significance was at 600 mb for 0600 UTC vs 
0900 UTC given a 90% confidence level. As 
a result, we must reject the alternative 
hypothesis in favor of the null hypothesis and 
conclude that there was no statistically 
significant difference in the mean distance 
measured at various times of night at any 
level. Thus, time of night does have a 
significant influence on frontogenesis.  
 
5. CONCLUSION AND DISCUSSION 
The primary intent of this study was to 
determine if the region of maximum rainfall 
associated with a MCS could be well-
predicted by frontogenesis at some level in 
the atmosphere. Additionally, a secondary 
question was proposed to determine whether 
or not time of night was a factor that could 
have influenced the outcome of these results. 
The results of this study demonstrated that 
frontogenesis could not be used as a predictor 
of the region of maximum rainfall, as it was 
concluded that there was not a statistically 
significant difference between the mean 
distance of any one level and all other levels 
given a 95% confidence level. Furthermore, 
it was determined that time of night had no 
influence on measurements of distance.  
The outcome of this study was ultimately a 
result of the amount of variability involved 
with frontogenesis which often made it 
difficult or impossible to determine the 
frontogenetic maximum. Though parameters 
were set in place to simplify this step, it was 
often very subjective. Though it was 
specified that the frontogenetic maximum 
closest to the MCS would be recorded, there 
was often no frontogenesis anywhere in the 
vicinity of the MCS at any level of the 
atmosphere. In these cases, there was often a 
very strong frontogenetic maximum, but it 
was typically multiple states away from the 
MCS of interest. Thus, it was a judgement 
call as to whether or not this maximum was 
recorded as opposed to recording “No 
Frontogenesis.” The opposite problem was 
also a common reoccurrence. For a single 
MCS, there could be five or six different 
frontogenetic maxima, all of which were 
isolated and seemingly contributing to the 
MCS. However, which maximum was 
selected drastically altered the results of the 
study, thereby resulting in further variability. 
Another issue associated with the 
frontogenesis involved the organization of 
the frontogenesis in relation to the 
convection. One of the most significant 
issues was a result of convection which did 
not occur on either the warm side or the cold 
side of the frontogenetic maximum, but 
rather occurred along the axis of dilation. As 
a result, distance values of upwards of 500 
km were often recorded due to the orientation 
of the maxima relative to each other, thereby 
producing several outliers. This issue was 
unexpected and requires further analysis, as it 
is commonly understood that precipitation 
falls on the warm side of a frontogenetic 
zone. These cases appear to go against 
theory, and thus there are likely other 
synoptic or mesoscale factors which are 
influencing the frontogenesis.  However, it 
should be noted that for some of the cases that 
seemingly went against theory, there was 
often a point in the atmosphere, typically 
around 700 or 650 mb, where this incongruity 
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was no longer the case, resulting in a 
significant decrease in the distance between 
the precipitation maximum and the 
frontogenetic maximum.  
If analysis is to be continued in regard to 
frontogenesis as a tool for predicting rainfall, 
more research must first be done to 
understand the nature of frontogenesis and 
the factors which result in its apparent 
variability. Furthermore, it may be beneficial 
to re-examine this study given a larger data 
set, as only nineteen cases were evaluated for 
this study and a larger data set could better 
eliminate the influence of outliers on the 
results. However, special attention should 
also be paid to those cases which were 
considered to be outliers in order to 
determine if there are potentially other 
factors contributing to MCS initiation which 
have a larger influence than frontogenesis.  
 
6. ACKNOWLEDGEMENTS  
The author would like to give a special thank 
you to Dr. William Gallus for his continual 
guidance and support throughout the duration 
of this study, without which this research 
would not have been possible.  Additionally, 
a huge thank you to Daryl Herzmann for 
providing all of the MRMS QPE plots.   
 
REFERENCES 
Banacos, P. C., 2003: Short range prediction 
of banded precipitation associated 
with deformation and frontogenetic 
forcing. Preprints, 10th Conf. on 
Mesoscale Processes, Portland, OR, 
Amer. Meteor. Soc., CD-ROM, P1.7. 
Black, T.L., 1994: The new NMC mesoscale 
Eta model: description and forecast 
examples. Wea. Forecasting, 9, 265–
278, https://doi.org/10.1175/1520-
0434(1994)009<0265:TNNMEM>2.
0.CO;2 
Corfidi, S.F., S.J. Corfidi, and D.M. Schultz, 
2008: Elevated convection and 
castellanus: ambiguities, 
significance, and questions. Wea. 
Forecasting, 23, 1280–1303, 
https://doi.org/10.1175/2008WAF22
22118.1 
Doswell III, C.A., H.E. Brooks, and R.A. 
Maddox, 1996: Flash flood 
forecasting: An ingredients-based 
methodology. Wea. Forecasting., 11, 
560–581, 
https://doi.org/10.1175/1520-
0434(1996)011<0560:FFFAIB>2.0.
CO;2 
Fritsch, J.M. and R.E. Carbone, 2004: 
Improving quantitative precipitation 
forecasts in the warm season: A 
USWRP research and development 
strategy. Bull. Amer. Meteor. Soc., 
85, 955–965, 
https://doi.org/10.1175/BAMS-85-7-
955 
Funk, T., 2004: Understanding Frontogenesis 
and its Application to Winter Weather 
Forecasting. 
[http://www.crh.noaa.gov/lmk/soo/pr
esentations/frontogenesis_lmk2.pdf] 
_____, R.J. Kane, and C.R. Chelius, 1986: 
The contribution of mesoscale 
convective weather to the warm- 
season precipitation in the United 
14 
 
States. J. Appl. Meteor. Climatol., 25, 
1333–1345, 
https://doi.org/10.1175/1520-
0450(1986)025<1333:TCOMCW>2.
0.CO;2  
Gallus, W.A., 2002: Impact of verification 
grid-box size on warm-season QPF 
skill measures. Wea. Forecasting, 17, 
1296–1302, 
https://doi.org/10.1175/1520-
0434(2002)017<1296:IOVGBS>2.0.
CO;2 
Geerts, B, and coauthors, 2017: The 2015 
Plains Elevated Convection at Night 
field project. Bull. Amer. Meteor. 
Soc., 98, 767–786, 
https://doi.org/10.1175/BAMS-D-
15-00257.1 
Heideman, K.F. and J.M. Fritsch, 1988: 
Forcing mechanisms and other 
characteristics of significant 
summertime precipitation. Wea. 
Forecasting, 3, 115–130, 
https://doi.org/10.1175/1520-
0434(1988)003<0115:FMAOCO>2.
0.CO;2  
Jolliffe, I.T., and D.B. Stephenson, 2003: 
Forecast Verification: A 
Practitioners Guide in Atmospheric 
Science. John Wiley and Sons, 254 
pp.   
Petterssen, S., 1936: Contribution to the 
theory of frontogenesis. Geofys. 
Publ., 11(6), 1-27. 
Trapp, R.J., 2013: Mesoscale Convective 
Systems. Mesoscale-convective 
processes in the atmosphere. 
Cambridge University Press, 346 pp. 
Williamson, R.A., H.R. Hertzfeld, and J. 
Cordes, 2002: The socioeconomic 
benefits of Earth science and 
applications research: reducing the 
risks and costs of natural disasters in 
the USA. Space Policy, 18, 1, 57 – 65, 
https://doi.org/10.1016/S0265-
9646(01)00057-1 
 
 
 
 
 
 
 
 
 
15 
 
APPENDIX 
APPENDIX A.  This table shows the location of the MRMS QPE maxima for June 2015 at 
0300 UTC, 0600 UTC, and 0900 UTC.
Date Time Location (Lat, Lon) 
June 03, 2015 
0300 UTC 41.98 -99.7 
0600 UTC 41.4 -98.7 
0900 UTC 40.7 -98.3 
June 07, 2015 
0300 UTC 42.21 -96.2 
0600 UTC 41.5 -93.3 
0900 UTC 41.6 -91.1 
June 18, 2015 
0300 UTC 44.05 -103.3 
0600 UTC 44.13 -103.93 
0900 UTC 41.7 -100.1 
 
APPENDIX B.  This table shows the location of the MRMS QPE maxima for July 2015 at 
0300 UTC, 0600 UTC, and 0900 UTC. 
Date Time Location (Lat, Lon) 
July 13, 2015 
0300 UTC 45.3 -92.2 
0600 UTC 44.6 -90.2 
0900 UTC 43.4 -88.5 
July 18, 2015 
0300 UTC 45.1 -94.7 
0600 UTC 41.5 -97.86 
0900 UTC 44.25 -89.4 
July 26, 2015 
0300 UTC 43.85 -96.8 
0600 UTC 43 -95.4 
0900 UTC 41.51 -93.92 
July 28, 2015 
0300 UTC 44.8 -100.1 
0600 UTC 44.55 -97.16 
0900 UTC 44.2 -96.05 
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APPENDIX C.  This table shows the location of the MRMS QPE maxima for August 2015 
at 0300 UTC, 0600 UTC, and 0900 UTC. 
Date Time Location (Lat, Lon) 
August 03, 2015 
0300 UTC 41.8 -85.1 
0600 UTC 40.6 -84.4 
0900 UTC 39.4 -89.4 
August 08, 2015 
0300 UTC 40.7 -99.8 
0600 UTC 40 -97.6 
0900 UTC 38.9 -95.7 
 
APPENDIX D.  This table shows the location of the MRMS QPE maxima for June 2016 at 
0300 UTC, 0600 UTC, and 0900 UTC. 
Date Time Location (Lat, Lon) 
June 01, 2016 
0300 UTC 42.7 -90.56 
0600 UTC 42.65 -89.7 
0900 UTC 43.77 -88.7 
June 04, 2016 
0300 UTC 42.63 -92.64 
0600 UTC 40.9 -92.35 
0900 UTC 42.9 -90.55 
June 15, 2016 
0300 UTC 43.01 -89.25 
0600 UTC 42.3 -88.2 
0900 UTC 41.7 -86 
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APPENDIX E.  This table shows the location of the MRMS QPE maxima for July 2016 at 
0300 UTC, 0600 UTC, and 0900 UTC. 
Date Time Location (Lat, Lon) 
July 06, 2016 
0300 UTC 43.78 -90.64 
0600 UTC 41.98 -89.6 
0900 UTC 41.2 -89.2 
July 11, 2016 
0300 UTC 47 -99 
0600 UTC 46.4 -96.6 
0900 UTC 46.5 -97 
July 12, 2016 
0300 UTC 41.74 -94.6 
0600 UTC 40.75 -94.7 
0900 UTC 38.1 -97.1 
July 17, 2016 
0300 UTC 44.02 -94.6 
0600 UTC 43.4 -93.5 
0900 UTC 43.2 -90.7 
 
APPENDIX F.  This table shows the location of the MRMS QPE maxima for August 2016 
at 0300 UTC, 0600 UTC, and 0900 UTC. 
Date Time Location (Lat, Lon) 
August 04, 2016 
0300 UTC 47.5 -96.8 
0600 UTC 47.1 -94.4 
0900 UTC 45 -94.6 
August 05, 2016 
0300 UTC 40.8 -91.7 
0600 UTC 40.1 -91.2 
0900 UTC 39.8 -92.5 
August 11, 2016 
0300 UTC 44.7 -98.2 
0600 UTC 45.12 -95.6 
0900 UTC 44.3 -92.8 
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APPENDIX G.  This table shows the locations of the frontogenetic maxima for June 2015 at 
900, 850, 800, 750, 700, 650, and 600mb at 0300 UTC, 0600 UTC, and 0900 UTC.  
 
 
 
 
 
 
 
 
 
 
 
Date Time 900  850 800  750 
June 
03, 
2015 
0300 UTC 41.8 -101.3 41.1 -102.8 N/A N/A 42.9 -101.7 
0600 UTC 40.9 -100.2 41.2 -101.1 N/A N/A 42 -98.7 
0900 UTC 40.5 -98.3 40.65 -100.8 41.05 -100.9 41.2 -100.4 
June 
07, 
2015 
0300 UTC 41.5 -98.5 41.6 -98.3 41.4 -98.65 41.4 -98.85 
0600 UTC 40.5 -96.9 N/A N/A N/A N/A 43.3 -93.6 
0900 UTC N/A N/A 42.35 -92.3 42.7 -93.3 41.9 -92.1 
June 
18, 
2015 
0300 UTC 43.5 -106.5 43.6 -106.5 43.5 -106.2 44.2 -104.6 
0600 UTC 42.9 -103.5 43.1 -103.3 42.9 -103.9 43 -103.5 
0900 UTC 43 -100 41.7 -102.4 41.8 -102.3 42.2 -101.8 
    
Date Time 700 650 600  Average 
June 
03, 
2015 
0300 UTC 43.1 -101.6 N/A N/A 43.1 -101.8 42.40 -101.8 
0600 UTC 41.8 -98.9 41.8 -99.2 41.65 -100 41.56 -99.68 
0900 UTC 41.3 -100.2 41.4 -100.5 41.5 -100.7 41.09 -100.3 
June 
07, 
2015 
0300 UTC 41.9 -99.9 42.1 -99.1 42.8 -96.3 41.81 -98.51 
0600 UTC 43.1 -93.8 42.7 -94.1 42 -95.1 42.32 -94.70 
0900 UTC 41.8 -92.3 42.4 -91.8 42 -92 42.19 -92.30 
June 
18, 
2015 
0300 UTC 44.1 -104.7 44.35 -105 44.3 -104.9 43.94 -105.5 
0600 UTC 43.7 -102.9 43.7 -102.8 43.8 -102.7 43.30 -103.2 
0900 UTC 43.6 -100.1 43.4 -99.7 43.2 -99.8 42.70 -100.9 
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APPENDIX H.  This table shows the locations of the frontogenetic maxima for July 2015 at 
900, 850, 800, 750, 700, 650, and 600mb at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
 
 
 
 
 
Date Time 900  850 800  750 
July 13, 
2015 
0300 UTC 45.8 -93.9 N/A N/A 46.8 -92 45.1 -93.45 
0600 UTC 44.3 -91.1 44.4 -90.5 44.6 -89.6 44.8 -90.2 
0900 UTC N/A N/A 43.5 -89.6 44.25 -90.65 44.5 -89.9 
July 18, 
2015 
0300 UTC 44.9 -96.5 N/A N/A N/A N/A 44.1 -97.4 
0600 UTC 41 -97 41.95 -95 42.1 -95.4 42 -100.1 
0900 UTC 43.8 -90.8 N/A N/A 44.7 -91.3 44.8 -91.1 
July 26, 
2015 
0300 UTC 43.85 -98.8 44.6 -98 44.9 -98.05 44.9 -97.7 
0600 UTC N/A N/A N/A N/A 43.5 -94.8 43.7 -95.6 
0900 UTC 41.65 -94.8 41.9 -94.4 43.3 -93.5 42.6 -94.8 
July 28, 
2015 
0300 UTC 44.4 -101 43.4 -101 44.7 -102.4 44.15 -101.9 
0600 UTC 43.05 -100.1 43.1 -99.7 44 -100.5 44 -100.1 
0900 UTC 42.6 -97.45 42.8 -97.2 42.85 -97.1 42.6 -96.7 
    
Date Time 700 650 600  Average 
July 13, 
2015 
0300 UTC 45.3 -93.5 46.2 -92.8 45.5 -93.6 45.78 -93.21 
0600 UTC 43.8 -90.7 44.1 -90.1 45.9 -90.8 44.56 -90.43 
0900 UTC 42.8 -89.5 43.05 -89.5 43.2 -89.4 43.55 -89.76 
July 18, 
2015 
0300 UTC 44.7 -98 45.8 -96.2 45.8 -96 45.06 -96.82 
0600 UTC 42.8 -97 42.6 -97.3 42.5 -97.3 42.14 -97.01 
0900 UTC 44.6 -91.2 43.9 -92 45.3 -90.6 44.52 -91.17 
July 26, 
2015 
0300 UTC 44.8 -97.65 43.1 -99.3 43.4 -99.1 44.22 -98.37 
0600 UTC 43.7 -96.2 44.8 -95.2 44.5 -95.3 44.04 -95.42 
0900 UTC 43.1 -94.3 43.8 -94.3 43.3 -94.4 42.81 -94.36 
July 28, 
2015 
0300 UTC 44.4 -101.9 44.5 -101.1 44.5 -101.5 44.29 -101.5 
0600 UTC N/A N/A 44.2 -99.7 N/A N/A 43.67 -100 
0900 UTC 41.9 -96.7 N/A N/A N/A N/A 42.55 -97.03 
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APPENDIX I.  This table shows the locations of the frontogenetic maxima for August 2015 
at 900, 850, 800, 750, 700, 650, and 600mb at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Date Time 900  850 800  750 
August 
03, 
2015 
0300 UTC 42.4 -85.6 42.6 -85 43 -85 43.3 -84.7 
0600 UTC 41.2 -86.2 41 -87 41.4 -86 40.8 -85.8 
0900 UTC 39.7 -85.7 39.5 -85.6 39.5 -84 40.7 -83.3 
August 
08, 
2015 
0300 UTC 38.1 -100.9 38.2 -101.6 39 -102.8 39.4 -102.2 
0600 UTC 38.9 -99.9 38.3 -101.3 38.3 -102.3 37.8 -102.6 
0900 UTC 39.1 -97.1 38.6 -98.4 40.3 -96.7 40.4 -97 
   
Date Time 700 650 600  Average 
August 
03, 
2015 
0300 UTC 43.4 -84 44.1 -81.8 44.3 -81.8 43.30 -83.99 
0600 UTC 41.9 -84 41.85 -83.7 41.8 -84.6 41.42 -85.33 
0900 UTC 40.1 -85 40.4 -83 40.25 -85.4 40.02 -84.57 
August 
08, 
2015 
0300 UTC 39.6 -101.7 40.9 -102 41.8 -101.8 39.57 -101.9 
0600 UTC 40.5 -98.7 40.7 -98.7 40.7 -98.6 39.31 -100.3 
0900 UTC 41.5 -96.5 41.1 -96.3 41.3 -96.4 40.33 -96.91 
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APPENDIX J.  This table shows the locations of the frontogenetic maxima for June 2016 at 
900, 850, 800, 750, 700, 650, and 600mb at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
 
 
 
 
 
 
 
 
Date Time 900  850 800  750 
June 
01, 
2016 
0300 UTC 44.1 -90.1 42 -91 41.7 -91.7 41.8 -91.4 
0600 UTC 42.25 -89.7 42.1 -90 41.8 -90.3 41.8 -90.7 
0900 UTC 44.2 -87.8 43.9 -88.2 43.3 -89.1 43.5 -89.2 
June 
04, 
2016 
0300 UTC 42.4 -92.5 42.8 -92.3 42.2 -93.9 42.65 -92.9 
0600 UTC 42.45 -91.2 42.1 -91.7 43.2 -92 N/A N/A 
0900 UTC 42.6 -90 42.2 -90.15 42.5 -90.4 41.6 -90.8 
June 
15, 
2016 
0300 UTC 43.2 -90.4 43.4 -90 43 -90.3 43.3 -90 
0600 UTC N/A N/A 41.65 -89.1 42.15 -89.1 42.5 -89.4 
0900 UTC 40.9 -87.7 N/A N/A N/A N/A 42.25 -87.4 
    
Date Time 700 650 600  Average 
June 
01, 
2016 
0300 UTC 42.1 -91.4 43 -90.5 41.9 -90.9 42.37 -91.00 
0600 UTC 42.4 -90.35 42.1 -90.5 42.45 -90.85 42.13 -90.34 
0900 UTC 43.7 -89 43.9 -89.1 44.1 -89.2 43.80 -88.80 
June 
04, 
2016 
0300 UTC 42.4 -93.4 41.1 -93.9 41.7 -95.1 42.18 -93.43 
0600 UTC 43 -92 40.25 -93.9 40.4 -93.8 41.90 -92.43 
0900 UTC 42 -90.8 40.5 -91.7 41 -91.6 41.77 -90.78 
June 
15, 
2016 
0300 UTC 43.25 -89.65 43.35 -89.5 43.45 -89.5 43.28 -89.91 
0600 UTC 42.55 -89.1 43.4 -89 43.6 -88.9 42.64 -89.10 
0900 UTC 41.8 -87.6 41.6 -87.7 41.85 -87.55 41.68 -87.59 
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APPENDIX K.  This table shows the locations of the frontogenetic maxima for July 2016 at 
900, 850, 800, 750, 700, 650, and 600mb at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
 
 
 
 
 
Date Time 900  850 800  750 
July 06, 
2016 
0300 UTC 43.7 -92.3 44.5 -90.7 44.4 -90.6 44.4 -91.4 
0600 UTC N/A N/A 43.4 -88.1 43.1 -88.5 43.3 -88.9 
0900 UTC 41.4 -89.8 41.1 -91.2 42.4 -89.7 42.35 -89.8 
July 11, 
2016 
0300 UTC 47.85 -100.9 45.5 -102.9 46.1 -103.1 46 -104 
0600 UTC 45.6 -98.9 43.1 -102.5 43.8 -103.5 44.1 -103.9 
0900 UTC 45.7 -100.8 45.15 -101.1 44.4 -98.6 46.3 -98.7 
July 12, 
2016 
0300 UTC 43.75 -97.7 41.9 -96.2 N/A N/A 43.7 -95 
0600 UTC 40.4 -95.5 40.7 -96.15 42.4 -91.6 41.85 -92.6 
0900 UTC 39.6 -99.8 37 -99.6 37.65 -99.35 38 -99.75 
July 17, 
2016 
0300 UTC 44.4 -96.4 N/A N/A 44.6 -94.5 44.9 -94.6 
0600 UTC 43.5 -93.8 44.5 -95.3 44.95 -95.1 44.3 -93.3 
0900 UTC 42.8 -91.8 N/A N/A 43.3 -93.45 42.3 -94.1 
    
Date Time 700 650 600  Average 
July 06, 
2016 
0300 UTC 44.5 -91.5 45.8 -90.3 45.9 -90.1 44.74 -90.99 
0600 UTC 43.9 -88.9 44.1 -88.9 44 -89 43.63 -88.72 
0900 UTC 42.5 -88.3 42.4 -88.1 42.5 -87.5 42.09 -89.20 
July 11, 
2016 
0300 UTC 45.7 -104.2 44.6 -106.1 45.1 -106.4 45.84 -103.9 
0600 UTC 44.3 -104.2 45 -105 46.2 -98.2 44.59 -102.3 
0900 UTC 46.45 -98.7 46.45 -96.7 48.25 -95 46.10 -98.51 
July 12, 
2016 
0300 UTC N/A N/A 41.8 -95 41.9 -95.1 42.61 -95.80 
0600 UTC 41.7 -93.1 40.5 -95.5 42.8 -93.9 41.48 -94.05 
0900 UTC 38.1 -100.4 N/A N/A 38.5 -96.6 38.14 -99.25 
July 17, 
2016 
0300 UTC 44.8 -94.1 45 -94.3 44.85 -94.1 44.76 -94.67 
0600 UTC 44.1 -93.3 44.1 -93.1 44.3 -92.9 44.25 -93.83 
0900 UTC 44.2 -91.5 43.5 -92 43.2 -92 43.22 -92.48 
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APPENDIX L.  This table shows the locations of the frontogenetic maxima for August 2016 
at 900, 850, 800, 750, 700, 650, and 600mb at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
APPENDIX M.  This table shows the distance of the frontogenetic maxima from the 
precipitation maxima for June 2015 at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, 600mb, 
and the average level at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
 
 
 
 
 
 
Date Time 900  850 800  750 
August 
04, 
2016 
0300 UTC 48.6 -98.3 49 -97.65 46.7 -99.45 46.65 -102 
0600 UTC 47.3 -97.6 49.3 -98.6 48.8 -99.4 46.65 -95.9 
0900 UTC 45 -95 44.5 -96.45 N/A N/A 46.6 -99 
August 
05, 
2016 
0300 UTC 41.1 -91.7 N/A N/A N/A N/A 42.35 -90.6 
0600 UTC 40.1 -91.4 N/A N/A 41 -91.3 40.8 -91.35 
0900 UTC 39.1 -92 N/A N/A 40.1 -91.45 40.1 -90.8 
August 
11, 
2016 
0300 UTC 45.2 -99.3 44.8 -98.8 N/A N/A N/A N/A 
0600 UTC 43.3 -98.7 43.8 -98.6 N/A N/A N/A N/A 
0900 UTC 43.9 -93.2 44.4 -92.9 N/A N/A 43.7 -96.4 
   
Date Time 700 650 600  Average 
August 
04, 
2016 
0300 UTC 46.8 -102.5 47.5 -103 51.5 -97 48.11 -99.99 
0600 UTC 46.6 -97.3 47.4 -99.6 48.1 -94.3 47.74 -97.53 
0900 UTC 46.6 -96.5 47 -96 47.6 -93.7 46.22 -96.11 
August 
05, 
2016 
0300 UTC 42.05 -90.75 42.2 -90.45 41.6 -90.7 41.86 -90.84 
0600 UTC 40.9 -90.2 41.1 -89.95 39.9 -90.1 40.63 -90.72 
0900 UTC 39.9 -89.8 N/A N/A N/A N/A 39.80 -91.01 
August 
11, 
2016 
0300 UTC N/A N/A 44.1 -98.8 45.5 -98.6 44.90 -98.88 
0600 UTC 45.5 -95.8 45.8 -95.8 45.8 -96 44.84 -96.98 
0900 UTC 44.3 -96 N/A N/A N/A N/A 44.08 -94.63 
Date Time 900 850 800 750 700 650 600 Average 
June 
03, 
2015 
0300 UTC 133.94 272.03 N/A 189.91 199.34 N/A 212.38 180.79 
0600 UTC 137.35 201.71 N/A 66.72 47.49 60.88 111.73 83.79 
0900 UTC 22.24 210.90 222.03 184.92 172.84 200.22 216.06 169.42 
June 
07, 
2015* 
0300 UTC 206.19 186.55 222.14 237.39 307.39 239.35 66.12 196.19 
0600 UTC 321.89 N/A N/A 201.66 182.60 148.86 159.33 147.43 
0900 UTC N/A 129.59 218.74 89.41 102.08 106.11 86.86 119.13 
June 
18, 
2015 
0300 UTC 260.18 261.52 240.72 105.09 111.98 139.56 130.59 174.74 
0600 UTC 141.10 125.26 136.79 130.34 95.36 102.37 108.82 108.45 
0900 UTC 144.79 190.95 182.84 151.18 211.27 191.85 168.60 128.07 
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APPENDIX N.  This table shows the distance of the frontogenetic maxima from the 
precipitation maxima for July 2015 at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, 600mb, 
and the average level at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
APPENDIX O.  This table shows the distance of the frontogenetic maxima from the 
precipitation maxima for August 2015 at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, 
600mb, and the average level at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
  
Date Time 900 850 800 750 700 650 600 Average 
July 
13, 
2015 
0300 UTC 143.57 N/A 167.50 100.43 101.68 110.37 111.54 95.16 
0600 UTC 78.84 32.57 47.50 22.24 97.48 56.16 151.99 18.72 
0900 UTC N/A 89.49 196.67 165.89 105.08 89.89 76.15 102.90 
July 
18, 
2015* 
0300 UTC 143.26 N/A N/A 240.94 263.68 140.53 127.83 166.51 
0600 UTC 90.88 242.56 214.54 193.96 161.00 130.76 120.44 99.54 
0900 UTC 122.61 N/A 158.84 147.99 148.14 211.31 150.34 143.49 
July 
26, 
2015 
0300 UTC 160.37 126.88 153.30 136.92 125.42 218.28 191.76 132.23 
0600 UTC N/A N/A 73.84 79.50 101.21 200.79 166.99 115.65 
0900 UTC 74.83 58.89 202.00 141.31 179.54 256.52 202.90 148.67 
July 
28, 
2015 
0300 UTC 84.00 171.46 181.96 160.06 149.29 85.85 115.66 127.49 
0600 UTC 288.92 259.82 272.84 241.91 N/A 205.59 N/A 248.40 
0900 UTC 210.81 181.21 172.33 185.50 261.14 N/A N/A 199.84 
 
Date Time 900 850 800 750 700 650 600 Average 
August 
03, 
2015 
0300 UTC 78.44 89.34 133.69 169.98 199.39 370.81 386.17 190.13 
0600 UTC 165.34 223.32 161.06 120.10 148.37 150.82 134.48 120.05 
0900 UTC 318.96 326.44 463.72 538.83 384.09 557.02 354.39 418.72 
August 
08, 
2015* 
0300 UTC 304.16 318.04 318.28 250.24 202.57 186.51 207.15 215.24 
0600 UTC 232.28 370.80 447.12 496.93 108.65 121.44 115.06 243.38 
0900 UTC 123.01 236.50 177.69 200.51 296.98 249.91 273.43 189.87 
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APPENDIX P.  This table shows the distance of the frontogenetic maxima from the 
precipitation maxima for June 2016 at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, 600mb, 
and the average level at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
APPENDIX Q.  This table shows the distance of the frontogenetic maxima from the 
precipitation maxima for July 2016 at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb,  600mb, 
and the average level at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
  
Date Time 900 850 800 750 700 650 600 Average 
June 
01, 
2016 
0300 UTC N/A 85.82 145.54 121.63 95.96 33.72 93.25 51.33 
0600 UTC 44.48 65.94 106.65 125.35 60.08 89.77 96.79 78.42 
0900 UTC 86.43 42.63 61.41 50.20 25.33 35.19 54.31 8.69 
June 
04, 
2016 
0300 UTC 28.03 33.60 113.95 21.38 67.34 199.57 227.59 81.93 
0600 UTC 197.04 143.99 257.38 N/A 235.30 149.53 134.37 111.41 
0900 UTC 55.94 84.45 46.14 146.01 102.16 283.42 228.41 126.89 
June 
15, 
2016 
0300 UTC 95.72 74.67 85.39 68.86 42.02 42.90 52.95 61.11 
0600 UTC N/A 103.73 75.96 101.01 78.93 138.61 155.37 83.02 
0900 UTC 167.57 N/A N/A 130.90 133.20 141.68 129.61 132.04 
 
Date Time 900 850 800 750 700 650 600 Average 
July 6, 
2016 
0300 UTC 133.65 80.20 69.01 91.85 105.45 226.21 239.55 110.55 
0600 UTC N/A 199.90 153.72 157.55 220.97 242.50 229.85 197.46 
0900 UTC 54.83 167.82 139.72 137.21 162.64 161.61 201.79 99.28 
July 
11, 
2016* 
0300 UTC 171.35 343.09 329.07 398.45 424.38 611.37 608.61 400.33 
0600 UTC 198.67 592.79 613.60 625.76 637.83 670.31 124.91 488.82 
0900 UTC 306.16 351.31 264.76 132.24 130.30 23.64 246.04 124.54 
July 
12, 
2016 
0300 UTC 337.65 133.77 N/A 220.38 N/A 33.84 45.09 138.33 
0600 UTC 77.97 122.32 316.44 213.85 170.48 73.01 237.40 97.61 
0900 UTC 287.19 252.05 203.72 232.30 288.75 N/A 62.31 188.13 
July 
17, 
2016 
0300 UTC 149.56 N/A 64.98 97.85 95.39 111.54 100.47 82.27 
0600 UTC 26.65 189.00 214.44 101.35 79.48 84.21 111.04 98.12 
0900 UTC 99.90 N/A 222.99 295.08 128.45 110.28 105.37 143.87 
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APPENDIX R.  This table shows the distance of the frontogenetic maxima from the 
precipitation maxima for August 2016 at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, 
600mb, and the average level at 0300 UTC, 0600 UTC, and 0900 UTC. 
 
 
 
 
 
 
 
 
 
APPENDIX S.  Box and whisker plots for the distance of the frontogenetic maxima from the 
precipitation maxima at 850 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Date Time 900 850 800 750 700 650 600 Average 
August 
04, 
2016* 
0300 UTC 165.50 178.27 219.41 404.88 437.91 465.63 445.01 247.30 
0600 UTC 242.76 395.80 417.50 124.51 227.42 393.83 111.45 245.76 
0900 UTC 31.45 156.31 N/A 384.63 230.95 247.28 297.25 179.07 
August 
05, 
2016 
0300 UTC 33.36 N/A N/A 195.13 159.98 187.27 122.12 138.02 
0600 UTC 17.01 N/A 100.43 78.86 122.73 153.30 96.30 72.07 
0900 UTC 88.89 N/A 95.52 148.70 230.75 N/A N/A 127.07 
August 
11, 
2016 
0300 UTC 102.88 48.67 N/A N/A N/A 82.00 94.33 57.71 
0600 UTC 319.34 279.67 N/A N/A 45.06 77.20 81.80 112.92 
0900 UTC 54.76 13.67 N/A 295.55 254.64 N/A N/A 147.65 
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APPENDIX T.  Box and whisker plots for the distance of the frontogenetic maxima from the 
precipitation maxima at 800 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX U.  Box and whisker plots for the distance of the frontogenetic maxima from the 
precipitation maxima at 750 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) 
respectively. 
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APPENDIX V. Box and whisker plots for the distance of the frontogenetic maxima from the 
precipitation maxima at 700 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX W.  Box and whisker plots for the distance of the frontogenetic maxima from the 
precipitation maxima at 650 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) 
respectively. 
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APPENDIX X.  Box and whisker plots for the distance of the frontogenetic maxima from the 
precipitation maxima at 600 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) 
respectively. 
 
